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Abstract 

Phytoplankton is the base of the marine food chain, oxygen, carbon cycle playing a global role in 

climate and ecology. Nucleocytoplasmic Large DNA Viruses regulating the dynamics of 

phytoplankton comprise genes of rhodopsins of two distinct families. We present a function-

structure characterization of two homologous proteins representatives of family 1 of viral 

rhodopsins, OLPVR1 and VirChR1. VirChR1 is a highly selective, Ca
2+

-dependent, Na
+
/K

+
-

conducting channel and, in contrast to known cation channelrhodopsins (ChRs), is impermeable 

to Ca
2+

 ions. In human neuroblastoma cells, upon illumination, VirChR1 depolarizes the cell 

membrane to a level sufficient to fire neurons. It suggests its unique optogenetic potential. 1.4 Å 

resolution structure of OLPVR1 reveals their remarkable difference from the known 

channelrhodopsins and a unique ion-conducting pathway. The data suggest that viral 

channelrhodopsins mediate phototaxis of algae enhancing the host anabolic processes to support 

virus reproduction, and therefore, their key role in global phytoplankton dynamics.  
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Introduction 

Microbial and animal rhodopsins (type-1 and 2 rhodopsins, respectively) comprise a superfamily 

of heptahelical (7-TM) transmembrane proteins covalently linked to a retinal chromophore 

(Ernst et al., 2014; Gushchin and Gordeliy, 2018). Type-1 rhodopsins are the most abundant 

light-harvesting proteins that have diverse functions, such as ion pumping, ion channeling, 

sensory and enzymatic activities (Gordeliy et al., 2002; Govorunova et al., 2015; Gushchin et al., 

2013, 2015; Kato et al., 2015; Kim et al., 2018; Mukherjee et al., 2019; Shevchenko et al., 2017; 

Volkov et al., 2017). The discovery, in 2000, of the light-driven pump proteorhodopsin (PR) in 

marine microbes triggered extensive search of metagenomes for light-activated proteins (Béjà et 

al., 2000). As a result, about 10,000 rhodopsin genes have been identified in archaea, bacteria, 

unicellular eukaryotes and viruses although the biological functions of most of these proteins 

remains elusive. The study of microbial rhodopsins culminated in the development of 

optogenetics, the revolutionary method for controlling cell behavior in vivo using light-gated 

channels and light-driven pumps (Deisseroth, 2015). Currently, major efforts are being 

undertaken to identify rhodopsins with novel functions and properties that could be harnessed to 

enhance optogenetic applications (Berndt and Deisseroth, 2015; Berndt et al., 2014; Govorunova 

et al., 2015; Kato et al., 2018; Kim et al., 2018; Sineshchekov et al., 2017a).  

In 2012, bioinformatic analysis of proteins encoded by Nucleocytoplasmic Large DNA Viruses 

(NCLDV) resulted in the identification of highly diverged PR homologs (hereafter, viral 

rhodopsins) in Organic Lake Phycodnavirus and Phaeocystis globosa viruses which belong to the 

extended Mimiviridae family (Yutin and Koonin, 2012). Phylogenetic analysis shows that, 

within the rhodopsin superfamily, viral rhodopsins form a monophyletic group that consists of 

two distinct branches, VR1 and VR2 (López et al., 2017). Recently, a DTS-rhodopsin from VR1 

group was reported to pump protons when expressed in E.coli plasma membrane (Needham et 

al., 2019). In contrast to VR1 group, the OLPVRII protein from VR2 group was shown to have 

pentameric organization that resembles ligand-gated channels and second-scale photocycle 

(Kovalev et al., 2019). The broad representation of a distinct group of rhodopsins in virus 

genomes implies an important light-dependent function in virus-host interactions but the nature 

of this function remains obscure. Given that NCLDV play a major role in marine algae 

population dynamics, elucidation of the virus-host interaction mechanisms would make an 
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important contribution to better understanding the impact of viruses on global ecology and 

climate (Gómez-Consarnau et al., 2019; Short, 2012). 

Here we present the results of a comprehensive structure-function study of two homologous 

proteins from the VR1 group, OLPVR1 and VirChR1. We show that unlike previously reported 

data (Needham et al., 2019), VirChR1 demonstrate sodium/potassium-selective 

channelrhodopsin activity when expressed in human neuroblastoma cells. Upon light absorption, 

VirChR1 depolarizes cell membranes to a level sufficient to fire neurons. This finding, together 

with the fact that, in contrast to the previously characterized ChRs, VirChR1 is not permeable for 

calcium ions, suggests that viral rhodopsins could become invaluable optogenetic tools. 

Following functional characterization, we crystallized and solved multiple structures of OLPVR1 

that revealed unique structure-function features of viral rhodopsins. 

Metagenomic search for viral rhodopsins genes and sequence analysis. To obtain a 

comprehensive set of rhodopsins in the vast metagenomic sequence database produced by the 

Tara Ocean project, we compared 36 rhodopsin sequences representative of the previously 

identified major groups to the sequences of all open reading frames from Tara Ocean contigs. 

This search retrieved 2584 Type 1 rhodopsins of which 80 belonged to viral group I and 172 

belonged to viral group II as confirmed by phylogenetic analysis that also supported the 

monophyly of all viral rhodopsins (Extended Data Figure 5). Consistent with the monophyly of 

viral rhodopsins and the separation of groups 1 and 2, examination of sequence alignments 

detected several amino acid motifs that partially differed between the two groups. The amino 

acid triad implicated in proton exchange with the retinal Schiff base (residues 85, 89 and 96 in 

the reference bacteriorhodopsin (Luecke et al., 1999)) had the form DTS/DTT in the VR1 

subfamily and DTT/DSV in the VR2 subfamily. Group 1 viral rhodopsins are characterized by 

several fully conserved residues, such as S11, Q15, E51, K192, N193, N197 and N205 

(according to OLPVR1 numbering, Extended Data Figure 1) that are mainly located in proximity 

to the retinal Schiff base. In addition, the VR1 group has a signature topological feature, namely, 

an extended TM4 helix that consist of it transmembrane (TM4) and membrane-associated parts 

(ICL2) and has not been previously observed in characterized microbial rhodopsins (Figure 1b). 

Despite the overall low structural similarity with cryptophyte cation-conducting 

channelrhodopsins (Figure 1d), viral rhodopsins from group 1 retain the two highly conservative 
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glutamates in TM2 (E44 and E51 in OLPVR1, and E83 and E90 in CrChR2) that have been 

shown to be critical  for CrChR2 ion channelling (Kuhne et al., 2019; Wietek et al., 2014). 

Detailed analysis of the amino acid conservation in the VR1 subfamily (Extended data Figure 3) 

shows that the majority of the conserved residues form the interior of the protein and can be 

predicted to contribute to ion-channeling of viral rhodopsins. Therefore, viral rhodopsins from 

group 1 with described conservativity are likely to share ion-channeling activity and functional 

features, so we name VR1 family members as viral channelrhodopsins or VirChR family.  

Spectroscopic characterization of VirChR family. In order to characterize the molecular 

properties of viral channelrhodopsins, we expressed OLPVR1 and VirChR1 proteins in E. coli, 

and purified the proteins via a combination of affinity chromatography (Ni-NTA) and size-

exclusion chromatography. Purified protein was incorporated into corresponding lipid-

mimicking matrices and used for all spectroscopic experiments (see Methods for full details). 

UV-vis spectra of OLPVR1 and VirChR1 proteins reveal blue-light absorption with λmax around 

500 nm neutral pH values. Under acidic conditions the absorption spectra of both proteins 

undergo a reversible transition to the protonated state, associated with red-shifted absorption 

maximum at around 530 nm, similar to those for other microbial rhodopsins (Tsukamoto et al., 

2013). In contrast to previously reported data, we did not observe any significant ion 

translocation ability of viral rhodopsins in pH change experiments with protein-containing 

liposomes (Needham et al., 2019). Under continuous bright light illumination, OLPVR1 

liposomes have not showed any substantial pH change of the external solvent (Figure 2g). The 

maximum pH shift of OLPVR1 (0.03 pH units) is about 10 times less than that of the light-

driven proton pump LR/Mac-containing liposomes. In order to elucidate photocycle kinetics of 

viral channelrhodopsins, we performed transient absorption measurements with OLPVR1-

containing nanodiscs that revealed three distinct intermediate states of OLPVR1 photocycle.  An 

early decaying K-like state (λmax = 540 nm), followed by major accumulation of L-like (λmax = 

460 nm) and N-like (λmax = 560 nm) states that live for about 1.5 seconds (Figures 2b and 2c). 

Unlike other channelrhodopsins, OLPVR1 lacks a detectable M-state, that is generally associated 

with the ion-conducting state of the protein (Kuhne et al., 2019). For viral channelrhodopsins, the 

equilibrium between L-like and N-like states is the major candidate for the ion-conducting state, 

where the structural changes in the protein may occur.  
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Electrophysiology of VirChR1, a light-gated cation channel. In order to identify the possible 

ion channeling activity, we expressed human codon-optimized OLPVR1 and VirChR1 genes, 

supplemented with RFP protein in SH-SY5Y human neuroblastoma cell line in the presence of 

all-trans retinal (see Methods for full details). Both proteins showed high expression levels in 

mammalian cells but OLPVR1 failed to localize to the plasma membrane according to the 

fluorescence microscopy and electrophysiology data. However, we observed robust expression 

of VirChR1 in neuroblastoma cells.  Therefore, we characterized the ion channeling activity of 

VirChR1 as a representative of group1 viral rhodopsins. Consistent with high sequence similarity 

of OLPVR1 and VirChR1 (Figure 1c), we will later refer to the function of viral 

channelrhodopsins based on the data obtained for VirChR1 protein. Whole-cell patch clamp 

recordings reveal outwards currents generated by VirChR1 protein. Light-induced currents were 

observed in a bath solution of 10 mM HEPES pH 7.4, 110 mM NaCl, 2 mM MgCl2 and pipette 

solution of 10 mM HEPES pH 7.4, 110 mM NaCl, 2 mM MgCl2, 10 mM EGTA (hereafter both 

denoted standard In response to continuous illumination by LED light (λmax = 470 nm) the 

photocurrents of VirChR1 revealed partial desensitization and photocurrents decay to a 

stationary level. Measuring photocurrents in different cells under standard conditions we did not 

see changes of kinetics or shifts of reversal potential. For the one representative neuroblastoma 

cell photocurrent stabilized at 50 pA at 80 mV (Figure 3a). The current values varied for 

different cells depending on the size of cell and protein expression level, but characteristic curve 

shape remained the same. During the measurement we observed the photocurrent level and its 

direction to depend on the membrane potential, meaning that light triggers passive ion 

conductance of VirChR1. VirChR1 exhibits an action spectrum similar to those of typical 

rhodopsins, with maximum sensitivity close to 500 nm (Figure 3d). Thus, both OLPVR1 and 

VirChR1 show retinal spectrum activation by blue light which is consistent with the fact that 

blue light penetrates more throughout the seawater photic zone(Jorgensen et al., 1987).  

Next, we performed ion substitution experiments in order to discriminate between possible 

cation and anion conductivity of the VirChR1 channel. First, we replaced standard bath solution 

with 63 mM Na2HPO4/NaH2PO4 pH 7.4 and 2 mM MgCl2 and found that this modification did 

not change neither the magnitude nor the reversal potential of the photocurrent. In contrast, when 

replacing 110 mM NaCl in bath solution with 110 mM L-Arginine hydrochloride, the inward 

current became immeasurably low, resulting in a dramatic change in the current-voltage 
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dependence (Figure 3b). These results indicate that viral channelrhodopsins possess only cation-

conducting activity. 

Unusual Ca
2+

 sensitivity of VirChR1. To evaluate the conductance of different cations by viral 

channelrhodopsins, we measured photocurrent dependencies on voltage in different bath 

solutions. Replacing Na
+
 with K

+
 cations (Figure 3e) in the bath solution yields an estimate of 

potassium permeability, PK+ ≈ 0.5·PNa+. To estimate H
+
 permeability, we replaced the standard 

bath solution with 10 mM Citric Acid pH 5.0, 110 mM L-Arginine hydrochloride, 2 mM MgCl2. 

Under these conditions, we observed full suppression of the photocurrent which occurred, 

presumably, due to the protonation of the Schiff base proton acceptor, similar to the case of 

OLPVR1 (Figure 2i). Thus, we replaced the pipette solution with 10 mM Citric Acid pH 5.0, 

110mM L-Arginine hydrochloride, 2 mM MgCl2, 10 mM EGTA (Figure 3f), which restored the 

photocurrent to a measurable level. Fitting the photocurrent data with the Goldman-Hodgkin-

Katz equation allows accurate estimation of H
+
 permeability, PH+ ≈ 10

4 
– 10

5
·PNa+. Overall, 

VirChR1 shows ion selectivity values comparable to those of CrChR2, namely, PK+ ≈ 0.5·PNa+. 

and PH+ ≈ 10
6
·PNa+. Thus, group 1 viral rhodopsins and cryptophyte cation channels are similar 

with respect to the conductivity of monovalent ions.  

Next, we tested whether VirChR1 was permeable for divalent cations, such as Ca
2+

, similarly to 

CrChR2(Nagel et al., 2003). In fact, replacement of 110 mM NaCl in bath solution for 80 mM 

CaCl2 completely abolished the photocurrent (Figure 5a, 5b). The current-voltage dependences 

of VirChR1 in the presence and absence of Ca
2+

 indicate that VirChR1 is completely 

impermeable for Ca
2+

 cations (Figure 4c), in a sharp contrast to the high Ca
2+

 conductivity of 

CrChR2. Importantly, VirChR1 is fully blocked for both inward and outward ionic fluxes when 

concentration of Ca
2+

 exceeds a certain threshold. To characterize the kinetics of VirChR1 

inhibition by Ca
2+

 ions, we measured dependence of the average photocurrent at +80 mV voltage 

on the CaCl2 concentration. A sigmoid-like dependence was identified, with the inflection point 

at KCa2+ = 2.2 mM CaCl2, which is surprisingly close to the Ca
2+

 concentration in the world 

ocean (Tsunogai et al., 1973), and thus, suggestive of a functional role of viral rhodopsin 

inhibition by Ca
2+

 ions. Taken together, our findings suggest that VirChR1 is a light-gated cation 

channel that conducts exclusively monovalent ions (H
+
, Na

+
, K

+
) and is completely inhibited by 

divalent ions (Ca
2+

), with a characteristic enzyme-substrate kinetics (Figure 4f).  
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Crystal structure of the viral rhodopsin. To decipher the molecular mechanism of ion 

channeling, the structure of viral channelrhodopsin from group 1 is essential. One crystal 

structure of the DTS-motif rhodopsin from Phaeocystis globosa virus 12T was recently 

reported(Needham et al., 2019). However, from the only one available structure it is not possible 

to distinguish the features of the entire group. Here, we present a high-resolution structure of 

another viral rhodopsin from group 1 OLPVR1 at 1.4 Å resolution. The protein was crystallized 

with an in meso approach similar to that used in our previous studies(Gushchin et al., 2015; 

Shevchenko et al., 2017). We obtained three different types of crystals. Type A rhombic crystals 

were grown at pH 8.0 using the monopalmitolein (MP) host lipid matrix and have the P21212 

space group with one protein molecule in the asymmetric unit. Type B hexagonal crystals were 

grown at pH 7.0 using a monoolein lipid matrix, have the P1 space group and contain two 

protein molecules in the asymmetric unit. OLPVR1 molecules are nearly identical in both 

structures (root mean square deviation (RMSD) less than 0.2 Å), so hereafter, we refer to the 

structure from type A crystals as it has the highest resolution. The crystal packing and examples 

of the electron density maps are shown in Extended Data Figures 7-8. 

The structure of OLPVR1 protomer is composed of 7 transmembrane helices (TM1-7), 

connected by three intracellular and three extracellular loops. The OLPVR1 protein (residues 2-

223), all-trans retinal (ATR) covalently bound to K204 (K257 in CrChR2 (Volkov et al., 2017)), 

9 lipid molecules and 107 water molecules are clearly resolved in the electron density maps. 

Despite the fact that only one OLPVR1 protomer is present in the asymmetric unit, the crystal 

packing of the protein shows that OLPVR1 could be organized into homodimers, similar to those 

of CrChR2 (Kato et al., 2012; Volkov et al., 2017). These dimers might reflect the oligomeric 

state of the viral channelrhodopsin in the cell membrane (Extended Data Figure 8). The 

interfacial interaction in the putative dimer occurs mainly in the TM4 helix and involves several 

non-conservative residues, namely E108-E108’, Y111-Y111’, F122-F122’ interactions. Overall, 

OLPVR1 backbone is tolerantly superimposed with that of the Med12 proteorhodopsin (PDB ID: 

4JQ6 (Ran et al., 2013)) with RMSD of 2.1 Å, whereas the alignments with the HsBR (PDB ID: 

1C3W (Luecke et al., 1999)) and CrChR2 (PDB ID: 6EID) structures gives RMSD values of 4.3 

and 3.74 Å, respectively (Figure 1d, Extended Data Figure 6). Interestingly, unlike other 

microbial rhodopsins, OLPVR1 architecture closely resembles the architecture of G-protein 

coupled receptors with TM3 helix protruding to the center of the protein. In particular, OLPVR1 
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align with bovine rhodopsin (Okada et al., 2004) with RMSD of 4.91 Å (Figure 1f), with a high 

similarity among helices forming ion conducting pathway (TM1-3 and TM7) . 

 OLPVR1 protomer has short extracellular loops which sharply differentiates it from other 

channelrhodopsins, that typically have large N- and C-terminal domains. Unlike in other 

microbial rhodopsins, helices TM3 and TM4 of OLPVR1 are connected by the loop containing 

the membrane-associated helix (ICL2 helix) which is composed of hydrophilic residues. 

Strikingly different from other rhodopsins, the intracellular parts of TM6 and TM7 helices of 

OLPVR1 are significantly moved apart from each other far enough to form a pore (Extended 

Data Figure 6). The pore is located at about 8 Å from the cytoplasmic side of the lipid membrane 

border (Extended Data Figure 3a) and connects the inside of the protein with the groove on its 

surface, which leads further to the intracellular bulk. Surprisingly, in our structure, the groove 

and a part of the pore are occupied with the fragment of MP molecule, a host lipid of the 

crystallization matrix, which is likely to be a crystallization artifact and is discussed in more 

details in the Supplementary Text. 

Structure of the retinal binding pocket and RSB region. The retinal cofactor is covalently 

attached to the conserved K204 residue in OLPVR1. 2Fo – Fc electron density maps at 1.4 Å 

reveal two alternative conformations of the retinal in the region of β-ionone ring, while the 

configuration near the Schiff base in both of them is all-trans, 15-anti. The RSB region of 

OLPVR1 retinal binding pocket is very similar to that of HsBR (Extended Data Figure 9c). 

Particularly, the D75 and D200 side chains and water molecules w3, w10 and w11 in OLPVR1 

(corresponding to D85, D212, w401, w402 and w406 in HsBR, respectively) form an almost 

identical to HsBR pentagon-like hydrogen bonds structure, which is important for proton transfer 

in light-driven proton pumps (Freier et al., 2011). Moreover, the pentagon is similarly stabilized 

by T79 and R72 (T89 and R82 in HsBR, respectively). In contrast, the pair of RSB counterions 

in CrChR2 is composed of E123 and D253 which, together with water molecules positioned in 

this region, presumably results in notably different stabilization of the Schiff base as compared to 

OLPVR1 (Extended Data Figure 10). The walls of the retinal pocket of OLPVR1 around the 

polyene chain are composed of several aromatic amino acids similar to those in HsBR, namely 

W87, W178 and Y181 (Extended Data Figure 10a). However, there are several important 

changes near the β-ionone ring, particularly, L142, G182 and F185 instead of W138, P186 and 
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W189 in HsBR. These amino acids can potentially be candidates for mutation scanning in order 

to obtain red-shifted versions of VirChRs, more suitable for practical applications, considering 

that OLPVR1 and HsBR have retinal absorption maxima at 500 nm and 560 nm respectively. 

A characteristic feature of the retinal binding pocket of OLPVR1 (and, presumably, all viral 

channelrhodopsins) is the presence of highly conserved and directly hydrogen bonded residues 

T81 and N121 at the positions of the corresponding residues T80 and D115 in HsBR, and C128 

and D156 in CrChR2 (Extended Data Figure 10b). These pairs connect the middle parts of TM3 

and TM4. Importantly, in case of ChChR2, where C128 and D156 are interconnected by 

hydrogen bonds via a water molecule, the alteration of the pair dramatically affects the kinetics 

of the protein and it was suggested that the pair is involved in the RSB reprotonation during 

photocycle(Berndt et al., 2009; Nack et al., 2010; Volkov et al., 2017) 

Organization of the OLPVR1 ion-conducting pathway. The structure suggests that the ion-

conducting pathway of OLPVR1 is formed by TM1-3 and TM7 helices and is lined with several 

water-accessible cavities (Figure 5a). Unlike other channelrhodopsins, OLPVR1 lacks any 

prominent cavities in the extracellular part of the protein, but instead has a pore in the 

intracellular part, which ends up with a relatively large hydrophilic cavity inside the protein near 

the retinal (Figure 4a, b). The cavity is filled with four water molecules (w4, w28, w29, w42) and 

surrounded by polar residues E42, T87, T88 and W178. Water molecules together with the 

backbone oxygen of S203 residue form a hydrogen bond pentagon (Figure 5b) and may play a 

role in the hydration of cation during its translocation. A dense hydrogen bonding network 

involving water molecules and polar/charged residues protrude from the cavity almost to the 

extracellular bulk, only breaking in the central region near E51 residue. The putative ion pathway 

includes three constriction sites inside the protein (Extended Data Figure 12). Each site 

(described in details below) is comprised of highly conserved residues (Extended Data Figure 3). 

The constriction sites regions are almost identical in OLPVR1 and DTS-motif rhodopsin from 

Phaeocystis globosa virus 12T (Needham et al., 2019), therefore we consider them as 

characteristic feature of the group 1 of viral rhodopsins. Hence, we assume that they are also 

essential for the ion channeling. 

The intracellular constriction site (ICS) of the OLPVR1 is relatively loose and formed mostly by 

E44 side chain. It separates the large intracellular cavity from a polar region near T18, S22, Q48, 
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N205 and S208 in the middle part of the protein, containing also three water molecules w7, w21 

and w35. E44 side chain is pointed towards the retinal, similarly to E122 in C1C2 (Kato et al., 

2012) (Extended Data Figure 12), and is stabilized by hydrogen bonds with T87 and water 

molecules w20 and w35. Interestingly, unlike in CrChR2 and Chrimson (Oda et al., 2018), where 

the intracellular constriction sites (intracellular gates) are almost 14 Å far from the RSB and 

separated from it by the hydrophobic cavity, the ICS of OLPVR1 is located closer (9 Å) to the 

active center and is connected by extended hydrogen bonding network to the central constriction 

site (CCS). Moreover, in CrChR2 and Chrimson the ICS is comprised of tightly connected 

charged amino acids, completely blocking the flow of ions in the resting state. In these terms, the 

lack of compaction in the cytoplasmic region of OLPVR1 and the existence of the pore between 

TM6 and TM7 make the organization of the intracellular part of the protein closer to that of 

anion channel GtACR1(Kim et al., 2018), where the pore protrudes from the intracellular bulk 

almost down to the retinal without any constrictions (Figure 5d). This might mean a different 

gating mechanism in the cytoplasmic part of OLPVR1 from most commonly used light-driven 

cation channels. 

The CCS of the OLPVR1 includes, fully conserved among VirChR group, S11, Q15, E51 and 

N205 residues that likely hinder ion translocation pathway in the resting state (Figure 6a). The 

core of the CCS is comprised of S11-E51-N205 (S-E-N) triad, which is similar to S63-E90-

N258, S102-E129-N297 and S43-E68-N239 clusters of central gates (CGs) in CrChR2, C1C2 

and GrACR1, respectively (Figure 6d). However, unlike in other channelrhodopsins, in OLPVR1 

these residues are interconnected by the water molecule (w17), which thus define their 

orientation, even though no water accessible cavities were predicted in this region (Figure 5b). 

Moreover, S11 is located one α-helix turn closer to the extracellular side than the corresponding 

serines in CrChR2, C1C2 and GtACR1 and is additionally stabilized by the hydrogen bond with 

the Q15 side chain. Q15 is a unique residue in OLPVR1 and has no analogues in other 

channelrhodopsins. In general, the organization of the S-E-N triad in OLPVR1 is closer to that of 

C1C2 and GtACR1, but not CrChR2 (Figure 4), where E90 side chain is pointed towards the 

RSB region and is a part of the extended hydrogen bond network in the extracellular part of the 

protein. Thus, unlike in CrChR2, in OLPVR1 the CCS (and particularly E51) is not directly 

connected to the RSB region in the resting state. 
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The extracellular constriction site (ECS) of OLPVR1 includes highly conserved R72, E132, 

K192, N193 and N197 residues that are tightly interconnected by hydrogen bonds. In contrast to 

extracellular gates (ECGs) of CrChR2 and GtACR1, R72 side chain is oriented towards the RSB, 

similarly to the analogous R82 in HsBR, however is stabilized by highly conserved N193 and 

N197 residues, while R82 in HsBR is stabilized mostly by the surrounding water 

molecules(Freier et al., 2011; Luecke et al., 1999). Also, unlike CrChR2, OLPVR1 lacks 

polar/charged amino acids in the region of E97 and E101 at the TM2 of CrChR2, which are 

substituted by leucines in the viral channelrhodopsin. Besides that, OLPVR1 possesses a more 

compact configuration of residues in the extracellular part than CrChR2, resulting in a more 

confined water-accessible cavities architecture of OLPVR1. This might be another reason why 

virus channelrhodopsins from group 1 are not permeable for larger ions. 

Discussion 

Distinct structural features of group 1 viral rhodopsins. Integration of electrophysiological, 

spectroscopic and structural analyses reveal unique features of group 1 viral rhodopsins as 

compact, Ca
2+

-inhibited channelrhodopsins. Given the diversity of viral rhodopsins, we can infer 

features only for the subset of group 1 channelrhodopsins that share a set of highly conserved 

residues, and specifically S-E-N triad (S11, E51 and N205) that are likely to play a key role in 

the ion-conducting mechanisms of viral channelrhodopsins. To the best of our knowledge, the 

exclusive conductivity for monovalent cations and its regulation by divalent cations have not 

been reported for any rhodopsins. Viral channelrhodopsins have proteorhodopsin-like 

architecture with short extracellular loops and share several structural features, such as 

membrane-associated ICL2 helix and an unconventional TM6-TM7 orientation. In a stark 

contrast to CrChR2 and other CCRs, viral channelrhodopsins share a set of highly conserved 

residues that encompass the ion-conducting pathway and, by analogy with CrChR2, possess 

three consecutive gates that are likely to displace in the open state of the channel. Notably, viral 

channelrhodopsins lack the DC amino acid pair (C128 and D156 in CrChR2), which is replaced 

by a NT pair (T88 and N121 pair in OLPVR1) that is conserved in all group 1 viral rhodopsins. 

Overall, this study provides a wide general insight into functional and structural features of viral 

channelrhodopsins although additional research is clearly needed to fully characterize their 

biochemical activity and biological function. 
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Predicted biological role of viral channelrhodopsins 

In this work, we demonstrate that group 1 viral rhodopsins are Na
+
/K

+
 selective light-gated ion 

channels that are inhibited by divalent cations. The fact that viral channelrhodopsins are widely 

distributed across the world ocean, where they are primarily constrained to the photic zone, 

offers clues to their likely biological role. The NCLDV-encoded group 1 viral rhodopsins infect 

microalgae, a key component of the phytoplankton (Uitz et al., 2010; Yau et al., 2011). What 

could then be the function of virus-encoded ion channels when expressed in the infected host? A 

plausible answer to this question is suggested by the analogy with the well-studied CrChR1 and 

CrChR2 channelrhodopsins from chlorophyte alga Chlamydomonas reinhardtii (Sineshchekov et 

al., 2002). These channelrhodopsins have been shown to sense ambient light and to transmit the 

signal downstream to the flagellar motor of motile algae, allowing them to migrate to an 

environment with light conditions optimal for photosynthesis and survival (Harz and Hegemann, 

1991). The primary function of CrChR1 and CrChR2 is activation of secondary Ca
2+

-channels 

by changing the electrical polarization of the cell which mediates phototaxis and photophobic 

responses (Nultsch et al., 1986; Sineshchekov et al., 2009). Photoexcitation of the 

channelrhodopsin receptors results in generation of photoreceptor currents and membrane 

depolarization followed by activation of voltage-gated calcium channels triggering the flagellar 

motion (Böhm et al., 2019; Jékely, 2009; Kianianmomeni et al., 2009; Sineshchekov et al., 

2002). Recently, the cryptophyte alga Guillardia Theta has been reported to possess  genes for 

three distinct groups of channelrhodopsins, namely, cation- and anion- conducting 

channelrhodopsins with high similarity to chlorophyte channelrhodopsins, and a third group of 

bacteriorhodopsin-like channelrhodopsins (BCCRs) with an unconventional architecture 

(Govorunova et al., 2016; Sineshchekov et al., 2017a). Surprisingly, BCCRs are inhibited by 

high concentrations of calcium (greater than 40 mM CaCl2), suggesting a functional similarity 

with viral rhodopsins (Shigemura et al., 2019). Given that  large and especially giant viruses 

possess diverse genes that enhance the host metabolic functions and hence promote virus 

reproduction (Lindell et al., 2005; Sharon et al., 2009; Filée, 2018), it seems likely that viral 

rhodopsins function as additional ion channels to supplement and augment the host phototactic 

systems similarly to the role of BCCRs in cryptophyte algae and thus boost metabolic processes 

required for virus reproduction. Although it remains unclear whether BCCRs are also inhibited 

by physiological concentrations of calcium, it appears likely  that, due to their impermeability to 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 15, 2020. ; https://doi.org/10.1101/2020.02.14.949966doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.14.949966


Ca
2+

, viral channelrhodopsins and, presumably, also  BCCRs activate secondary Ca
2+

-channels 

only by membrane depolarization, but not via biochemical amplification, as has been suggested 

for CrChR1 and CrChR2 (Sineshchekov et al., 2009).  

Phytoplankton is the base of the marine food chain and an important source of carbon in the 

global carbon cycle(Charlson et al., 1987). Therefore, the algal population makes a major 

contribution to the regulation of many aspects of the global environment, and in particular, 

climate control (Moore et al., 2008). Viral rhodopsins are likely to play an important role in the 

regulation of phytoplankton dynamics by NCDLV. 

Electrophysiological features of VirChR1 and potential utility of viral channelrhodopsins 

for optogenetic applications.  

 The results of this work (for example, Fig. 3a) demonstrate photocurrent overshooting after 

turning the light down. Although the cause of this remains unknown, we suggest that it indicates 

second-photon absorption during continuous light measurements. Also, non-zero negative 

photocurrent was observed under symmetrical conditions at 0 mV (Fig 3c, it also results in 

positive reversal potential). The same negative photocurrent was also detected when channel 

activity was blocked by calcium (Fig 4c, 4e). We suggest that inward-pumping activity of 

VirChRs is responsible for this current. 

The finding that, in contrast to CrChR2 and other known CCRs, viral channelrhodopsins are 

impermeable to divalent cations, such as Ca
2+

, suggest that VirChRs might contribute to a new 

generation of optogenetic tools (Renault et al., 2015; Stamatakis et al., 2018). In particular, 

because their application would not interfere with important native Ca
2+

-dependent processes in 

the cells. Ca
2+

-impermeable channelrhodopsins could become invaluable tools to study processes 

in the brain, where optogenetic regulation of synapses is required (Lin, 2011; Lin et al., 2013; 

Tritsch et al., 2016). 
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Methods 

 

No experiments in animals were conducted in this paper and hence experiments were not 

randomized or blinded. 

Metagenomic analysis. Group I viral rhodopsins, were retrieved from metagenomic assembled 

contigs through combining similarity search, protein clustering and Hidden Markov Models. 

Briefly, a first dataset of bona fide rhodopsins was retrieved from TARA Ocean metagenome 

assembled contigs that were downloaded from ENA (https://www.ebi.ac.uk). Coding DNA 

sequences were predicted from contigs longer than 2 Kb using Prodigal (Hyatt et al., 2010), and 

annotated against the NR database of NCBI using Diamond (Buchfink et al., 2015). Bona fide 

rhodopsins were selected by screening for different keywords related to rhodopsins that must be 

contained in the annotation, and furthermore filtered according to 7 transmembrane domains that 

were predicted using Phobius(Käll et al., 2004). Selected proteins were next aligned using the R 

package Decipher (Wright, 2015), and alignments were used to infer a phylogenetic tree through 

FastTree (Price et al., 2010) and using default parameters. Phylogenetic distances between nodes 

on the tree topology were considered in order to cluster bona fide rhodopsins into distinct clades, 

each of which was used to train a Hidden Markov Model (HMM). All HMMs were finally 

queried against TARA Ocean assembled contigs using HMMER version v3.1b2 

(http://hmmer.org) and setting an e-value threshold of 1e-5. Proteins identified through HMMs 

were clustered at 100% identity using CD-HIT suite(Li and Godzik, 2006) in order to remove 

redundancy, and reduced to a total of 2584 Type-1 rhodopsins that were further analysed.  

The dataset of group I viral rhodopsins was constructed by searching the NCBI non-redundant 

protein sequence databases along with the TARA metagenomic sequences using BLSTP and 

TBLASTN. For the sake of clarity, for Extended Data Figure 1 we used a reduced number of 

sequences. To obtain a representative set of 16 TARA metagenomic sequences with OLPVR1 

and VirChR1 sequences included, we used the CD-HIT suite with default parameters and 60% 

identity cut-off.  

Sequence alignment and phylogenetic analysis. Rhodopsin sequences were aligned using 

MUSCLE using UGENE software (Okonechnikov et al., 2012) with the default parameters. 

Type-1 rhodopsins were named according to their names in literature. The sequence alignment 
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was created using ESPript3 online server (Robert and Gouet, 2014). Phylogenetic tree 

reconstruction was conducted by PHYLIP Neighbor Joining method using UGENE software 

(Okonechnikov et al., 2012) with the following parameters: Jones-Taylor-Thornton model, 

transition/transversion ratio = 2.0, no gamma distribution applied. Tree visualization was done 

using iTOL server (Letunic and Bork, 2016). GenBank accession numbers are additionally 

indicated. 

Cloning, expression, and purification OLPVR1-coding DNA was synthesized commercially 

(Eurofins). The nucleotide sequence was optimized for E. coli expression using the 

GeneOptimizer software (Life Technologies). The gene, together with the 5′ ribosome-binding 

sites and the 3′ extensions coding additional LEHHHHHH* tag, was introduced into the pEKT 

expression vector (Novagen) via NdeI and XhoI restriction sites. The plasmid was verified by 

sequencing. The protein was expressed as described previously (Shevchenko et al., 2017) with 

modifications. E. coli cells of strain C41 (StabyCodon T7, Eurogentec, Belgium) were 

transformed with the expression plasmid. Transformed cells were grown in shaking baffled 

flasks in an autoinducing medium ZYP-5052 containing 50 mg/L kanamycin at 37°C. When the 

OD600 in the growing bacterial culture is in 0.8 – 1.0 range (glucose level < 10 mg/L), 10 μM all-

trans-retinal (Sigma-Aldrich) and 1 mM isopropyl β-d-1-thiogalactopyranoside were added, the 

incubation temperature was reduced to 20°C and incubated for 18 hours. After incubation cells 

were collected by centrifugation (4,500 rpm, 30 min) and disrupted in an M-110P Lab 

Homogenizer (Microfluidics) at 25,000 p.s.i. in a buffer containing 20 mM Tris-HCl, pH 8.0 

with 50 mg/L DNase I (Sigma-Aldrich). The membrane fraction of the cell lysate was isolated by 

ultracentrifugation at 35000 rpm for 1 h at 4°C (Type 70 Ti Fixed-Angle Titanium Rotor, 

Beckmann). The pellet was resuspended in a buffer containing 20 mM NaH2PO4/Na2HPO4, pH 

8.0, 0.1 M NaCl and 1% n-Dodecyl β-D-maltoside (DDM, Anatrace, Affymetrix) and stirred for 

18 hours for solubilization. The insoluble fraction was removed by ultracentrifugation at 35,000 

rpm for 1 hour at 4°C. The supernatant was loaded on an Ni-NTA column (Qiagen), and washed 

with a buffer containing 10 mM NaH2PO4/Na2HPO4, 0.1 M NaCl, 0.01 M imidazole and 0.05% 

DDM buffer (pH 8.0). Elution of the protein was done in a buffer containing 10 mM 

NaH2PO4/Na2HPO4, 0.1 M NaCl, 0.5 M imidazole and 0.05% DDM (pH 8.0). The eluate was 

subjected to size-exclusion chromatography on a 20 ml Superdex 200i 10/300 GL column (GE 

Healthcare Life Sciences) in a buffer containing 10 mM NaH2PO4/Na2HPO4, pH 8.0, 0.1 M 
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NaCl and 0.05% DDM. Protein-containing fractions with an A280/A500 absorbance ratio (peak 

ratio, p.r.) of lower than 1.5 were pooled and dialyzed against 100 volumes of 10 mM 

NaH2PO4/Na2HPO4, 0.1 M NaCl, and 0.05% DDM (pH 8.0) buffer twice for 2 hours to dispose 

imidazole. The purified protein was concentrated for 40 mg/ml for crystallization. 

Reconstitution of the protein into lipid-based systems Phospholipids (azolectin from soybean, 

Sigma-Aldrich) were dissolved in CHCl3 (Chloroform ultrapure, Applichem Panreac) and dried 

under a stream of N2 in a glass vial. The solvent was removed by overnight incubation under 

vacuum. The dried lipids were resuspended in 100 mM NaCl buffer supplemented with 2% (w/v) 

sodium cholate. The mixture was clarified by sonication at 4°C and OLPVR1 was added at a 

protein/lipid ratio of 1:20 (w/w). The detergent was removed by 2 days stirring with detergent-

absorbing beads (Amberlite XAD 2, Supelco). The mixture was dialyzed against 100 mM NaCl, 

(pH 7.0) buffer at 4°C for 8 hours to adjust the desired pH. The obtained liposomes were used 

for the measurement of pump activity with pH electrode. The OLPVR1-containing nanodiscs 

were assembled using a standard protocol described elsewhere (Ritchie et al., 2009). 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Avanti Polar Lipids, USA) and an MSP1D1 

version of apolipoprotein-1 were used as a lipid and scaffold protein, respectively. The molar 

ratio during assembly was DMPC:MSP1D1:OLPVR1 = 100:2:3. The protein-containing 

nanodiscs were dialyzed against 100 volumes of 10 mM NaH2PO4/Na2HPO4, 100 mM NaCl (pH 

7.5) buffer twice and then subjected to size-exclusion chromatography on a 20 ml Superdex 200i 

10/300 GL column (GE Healthcare Life Sciences) for detergent removal. 

Ion-trafficking assay with protein-containing liposomes. The measurements were performed 

on 2 ml of stirred proteoliposome suspension at 0°C. OLPVR1- and LR/Mac- containing 

liposomes were prepared following the protocol described above. Liposomes were illuminated 

for 10 minutes with a halogen lamp (Intralux 5000-1, VOLPI) and then were kept in the dark for 

another 10 minutes. Changes in pH were monitored with a pH-meter (LAB 850, Schott 

Instruments). Some of the measurements were repeated in the presence of 30 μM of carbonyl 

cyanide m-chlorophenyl hydrazine (CCCP, Sigma-Aldrich) under the same conditions. 

pH titration. To investigate the pH dependence of the absorption spectra of OLPVR1, about 6 

μM protein was suspended in the titration buffer (10 mM citrate, 10 mM MES, 10 mM HEPES, 

10 mM MOPS, 10 mM CHES and 10 mM CAPS). Then, the pH was changed by addition of 
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diluted or concentrated HCl or NaOH to obtain 0.5-0.7 pH change. The absorption spectra were 

measured with a UV-visible spectrometer (V-2600PC, Shimadzu). 

VirChR1 expression in SH-SY5Y cells 

The human codon optimized VirChR1 gene was synthesized commercially (Eurofins). The gene 

was cloned into the pcDNA3.1(-) vector bearing an additional membrane trafficking signal, a 

P2A self-cleaving peptide, and a GFP variant from the C-terminal part of the gene, and 

Haemogluttinin and Flag-tag peptides from the N-terminal part of the gene(Gradinaru et al., 

2010; Shcherbo et al., 2007). The SH-SY5Y human neuroblastoma cells at a confluency of 80-

90% were transfected with the plasmid and Lipofectamine LTX according to the manufacturer’s 

protocol (Thermo Fisher Scientific). The cells were incubated under 5% CO2 at 37°C. After 

transfection (16-24 h), electrophysical experiments were performed. 

Electrophysiological recordings 

For the electrophysiological characterization of VirChR1, whole-cell patch clamp recordings 

were performed (Scientifica LASU, Axon Digidata 1550A, Multiclamp 700B). Horizontal puller 

(Sutter Instrument CO, Model P-2000) was used for fabrication of patch pipettes (borosilicate 

glass GB150F-8P, 3 – 6 MΩ). Experiments were conducted using SH-SY5Y cell line. 

Photocurrents were measured in response to LED light pulses with saturating intensity λ = 470 ± 

20 nm. For the action spectra ultrashort nanosecond light pulses were generated by Brilliant 

Quantel using OPO Opotek MagicPrism for different wavelenghts. 

Time resolved absorption spectroscopy Excitation/detection systems were composed as such: 

Brilliant B laser with OPO Rainbow (Quantel Inc.) was used, providing pulses of 4-ns duration 

at 530-nm wavelength and an energy of 2 mJ per pulse. Samples (5 × 5–mm spectroscopic quartz 

cuvette; Hellma GmbH & Co.) were placed in a thermostated house between two collimated and 

mechanically coupled monochromators (LOT MSH150). The probing light (xenon arc lamp, 75 

W, Hamamatsu) passed the first monochromator sample and arrived after a second 

monochromator at a photomultiplier tube (PMT) detector (R12829, Hamamatsu). The current-to-

voltage converter of the PMT determines the time resolution of the measurement system of ca. 

50 ns (measured as an apparent pulse width of the 5-ns laser pulse). Two digital oscilloscopes 

(Keysight DSO-x4022A) were used to record the traces of transient transmission changes in two 
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overlapping time windows. The maximal digitizing rate was 10 ns per data point. Transient 

absorption changes were recorded from 10 ns after the laser pulses until full completion of the 

phototransformation. At each wavelength, 25 laser pulses were averaged to improve the signal-

to-noise ratio. The quasilogarithmic data compression reduced the initial number of data points 

per trace (~32,000) to ~850 points evenly distributed in a log time scale giving ~100 points per 

time decade. The wavelengths were varied from 330 to 700 nm in steps of 10 nm using a 

computer-controlled step motor. Absorption spectra of the samples were measured before and 

after each experiment on a standard spectrophotometer (Avantes Avaspec 2048L). Obtained 

datasets were independently analyzed using the multiexponential least-squares fitting by 

MEXFIT software (Chizhov et al., 1996). The number of exponential components was 

incremented until the SD of weighted residuals did not further improve. After establishing the 

apparent rate constants and their assignment to the internal irreversible transitions of a single 

chain of relaxation processes, the amplitude spectra of exponents were transformed to the 

difference spectra of the corresponding intermediates in respect to the spectrum of the final state.  

Crystallization The crystals of OLPVR1 and O1O2 proteins were grown with an in meso 

approach(Caffrey and Cherezov, 2009), similar to that used in our previous works (Gushchin et 

al., 2015; Kovalev et al., 2019; Shevchenko et al., 2017). In particular, the solubilized protein (40 

mg/ml) in the crystallization buffer was mixed with premelted at 50°C monoolein (MO, Nu-

Chek Prep) or monopalmitolein (MP, Nu-Chek Prep) in 2:3 ratio (lipid:protein) to form a lipidic 

mesophase. The mesophase was homogenized in coupled syringes (Hamilton) by transferring the 

mesophase from one syringe to another until a homogeneous and gel-like material was 

formed(Nollert, 2004). 150 nl drops of a protein–mesophase mixture were spotted on a 96-well 

LCP glass sandwich plate (Marienfeld) and overlaid with 400 nL of precipitant solution by 

means of the NT8 crystallization robot (Formulatrix). The best crystals of OLPVR1 were 

obtained with a protein concentration of 20 mg/ml and 10 mM CaCl2, 10 mM MgCl2, 24% PEG 

6000, 100mM Tris (pH 8.2) for MP lipid and 10 mM CaCl2, 10 mM MgCl2, 24% PEG 550, 

100mM Tris (pH 8.2) for MO lipid (Hampton Research). The best crystals of O1O2 were 

obtained with a protein concentration of 20 mg/ml and 1.8 M Na2HPO4/KH2PO4 (pH 4.6). The 

crystals were grown at 22°C and appeared in 1 to 4 weeks. Once crystals reached their final size, 

crystallization wells were opened as described elsewhere (Li et al., 2012), and drops containing 

the protein-mesophase mixture were covered with 100 μl of the respective precipitant solution. 
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For data collection harvested crystals were incubated for 5 min in the respective precipitant 

solutions.  

Molecular dynamics We used the refined 1.4 Å resolution crystallographic OLPVR1 structure 

for the initial conformation. All non-protein atoms except water were removed from the structure 

and the all-trans retinal molecule connected to the Lys were renamed using the retinol and retinal 

parameters for Charmm36 force field. The system then was prepared using Charmm GUI (Jo et 

al., 2008) input generator using the POPC lipid membrane and Tip3P water model. The resulting 

amount of lipids was 132, amount of water molecules - 8901, amount of sodium ions - 26, 

chlorine ions - 23, overall system size was 48350 atoms. Energy minimization and equilibration 

were performed in several steps with the gradual removal of spatial atomic constraints. The 

resulting simulation time was 1 μs (current time is 0.75μs). Simulations were performed using 

velocity-rescale thermostat at 303.15 K and Parrinello-Rahman semi isotropic barostat with 

Gromacs 2018.4 (Pronk et al., 2013).  
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Main text figures 

Figure 1. Phylogenetic and structural overview of the viral channelrhodopsins family. (a) Unrooted 

phylogenetic tree of the channelrhodopsin superfamily including viral channelrhodopsin representatives. 

Scale bar indicates the average number of amino acid substitution per site. CCR, cation-conducting 

channelrhodopsin, ACR, anion-conducting channelrhodopsin. OLPVR1 and VirChR1 proteins are 

additionally indicated in red. (b) Alignments of functionally important residues of transmembrane helices 

1, 2, 3 and 7 of representative proteins from channelrhodopsin subfamilies. Positively and negatively 

charged residues are highlighted blue and red, cysteine residues are highlighted green (c) Crystal structure 

of OLPVR1 protein, viewed parallel to membrane (left) and from the extracellular side (right). All-trans 

retinal (ATR) is depicted with orange sticks. Rhodopsins were named according to the previous works 

(Govorunova et al., 2017; Klapoetke et al., 2014; Sineshchekov et al., 2017b). The hydrophobic 

membrane boundaries were calculated with the PPM server and are shown by gray lines (Lomize et al., 

2012). (d) Structure alignment of OLPVR1 and CrChR2 (PDB: 6EID) structures colored cyan and yellow 

respectively. RMSD, root mean square deviation of atomic positions. (e) Individual TM helices are shown 

after superimposition of the OLPVR1 and CrChR2 rhodopsins. (f) Structure alignment of OLPVR1 and 

bovine rhodopsin (PDB: 1U19, (Okada et al., 2004)) structures colored cyan and purple respectively. (e) 

Individual TM helices are shown after superimposition of the OLPVR1 and bovine rhodopsin.  
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Figure 2. Spectroscopic characterization of viral channelrhodopsins. (a) Schematic model of viral 

rhodopsins photocycle. (b) Transient absorption spectra and (c) time traces at specific wavelengths of 

wild type OLPVR1 protein at pH 7.5. (d) Schiff base region of OLPVR1, important residues and water 

molecules are shown as sticks and spheres, hydrogen bonds are shown as dashed lines. (e) Absorption 

spectra of OLPVR1 at acidic (pH 2.8 - 7.0) pH range, normalized for absorption at 280 nm. (f) 

Normalized absorption spectra of OLPVR1 and VirChR1 proteins at neutral pH (pH 7.5). (g) Ion-

transport activity assay of OLPVR1-containing proteoliposomes in 100 mM NaCl salt. Onset of 

illumination is indicated with white (light on) and gray (light off) background color, pH was adjusted to 

pH 6.0 prior to measurements. LR/Mac-containing liposomes and empty liposomes were used as positive 

and negative controls respectively. (h) Absorption spectra of VirChR1 at acidic (pH 2.8 - 7.0) pH range, 

normalized for absorption at 280 nm. (i) Red shift of UV-visible absorption spectrum and protonation of 

counterion of OLPVR1 and VirChR1. Wavelength maximum values are shown as circles. Sigmoidal 

curve fits are presented as dashed lines. The pKa values were calculated using sigmoidal fit. 
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Figure 3. Ion selectivity and physiological features of VirChR1 Voltage-clamp records from one 

representative SH-SY5Y cell, expressing VirChR1 with (a) 10 mM HEPES pH 7.4, 110 mM NaCl, 2 mM 

MgCl2 and (b) 110 mM L-Arginine hydrochloride replacing NaCl in bath. Pipette solution during 

experiments was: 10 mM HEPES pH 7.4, 110 mM NaCl, 2 mM MgCl2, 10 mM EGTA. Currents are 

reproducible and typical to those in 30 experiments with other cells, illumination by LED (470 nm) lamp 

is indicated with green line. (c) Current-voltage dependences for one representative SH-SY5Y cell in 110 

mM NaCl (red) and 110 mM L-Arginine hydrochloride (blue). (d) Action spectrum of VirChR1 measured 

using equal photon fluxes. (e-f) Current-voltage dependences for different bath/pipette solutions. 

Estimation of relative conductivities for different ions was done fitting traces with Goldman-equation. 

Traces are shown for (e) bath solutions: 110 mM NaCl (red) and 110 mM KCl (green) (pipette solution is 

standard) and for (f) pipette solution 110 mM L-Arginine hydrochloride salt solution of pH 5.0 (bath 

solution is standard). (g) Excitation recovery of photocurrent after short pulse of nanosecond laser (500 

nm) activation. 
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Figure 4. Calcium sensitivity of VirChR1 channel. Voltage-clamp records from one representative SH-

SY5Y cell expressing VirChR1 in bath solution (a) 10 mM HEPES pH 7.4, 110 mM NaCl, 2 mM MgCl2 

and (b) in 80 mM CaCl2 replacing NaCl in bath solution. Pipette solution: 10 mM HEPES pH 7.4, 110 

mM NaCl, 2 mM MgCl2, 10 mM EGTA, illumination by LED (470 nm) lamp is indicated with green 

line. (c) Current-voltage dependences for one representative SH-SY5Y cell in 110 mM NaCl (red) and 80 

mM CaCl2 (indigo) solutions. (d) Current-voltage dependences of a CrChR2-expressing SH-SY5Y cell in 

80 mM CaCl2 solution. Current-traces had same shape in 3 more cells. Calcium blocking in CrChR2 was 

never observed in any cell. (e) Current dependence on calcium concentration in bath solution measured at 

+80 mV (inflection point is at approximately 2.2 mM of calcium). (f) Schematic comparison of VirChR1 

and CrChR2 ion channeling activity under different calcium concentrations, proteins are colored cyan and 

yellow respectively.  
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Figure 5. Organization of ion pathway constriction sites (CSs) in OLPVR1. (a) Three CSs and 

cavities forming the putative ion-conductive pathway in viral CCRs and highly conservative residues of 

OLPVR1. TM6 and TM7 helices are omitted for clarity. (b) Magnified view of the CSs in OLPVR1 (left), 

CrChR2 (middle, PDB: 6EID) and (right, PDB: 6CSN) structures, colored cyan, yellow and green 

respectively. Water accessible cavities were calculated using HOLLOW and are presented as pink surface 

(Ho and Gruswitz, 2008). 
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Figure 6. Conservativity analysis of viral rhodopsins. (a) Structural overview of highly conservative 

(70% cutoff) residues among viral rhodopsins family (n = 124). OLPVR1 structure was used as a 

template of viral rhodopsin, viewed parallel from membrane (left) and from the cytoplasm (right). 

Residues conservative among all proteorhodopsins and residues exclusively conservative by viral 

rhodopsins are shown as sticks and colored magenta and dark blue respectively. (b) Sequence logo of 

transmembrane helices (TM1 – TM7) of viral rhodopsins family created using Weblogo sequence 

generator server(Crooks, 2004). (c) Sequence alignment of TM1, TM2, TM3 and TM7 helices of 6 

representative sequences from viral rhodopsins and marine proteorhodopsins. Residues conservative 

among VR1, PR, and both groups are colored cyan, greed and red respectively. (d). The magnified view 

of the highly conservative S-E-N triad that comprise central constriction site (CCS) in OLPVR1 (top left), 

CrChR2 (PDB: 6EID, top right), and GtACR1 (PDB: 6CSM, down left). The sodium binding site formed 

by S-D-N triad in human delta-opioid receptor (PDB: 4N6H (Fenalti et al., 2014), down right). 
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Supplemental text 

Unusual protein-lipid interaction in the OLPVR1 structure. Surprisingly, both OLPVR1 

structures revealed a fragment of a lipid molecule (monopalmitolein, 97N) between the TM6 and 

TM7 helices immersed into a pore at the intracellular side of the protein and also a groove at the 

protein surface, which connects the pore and the cytoplasm, described earlier (Extended Data 

Figure 3a). The hydrophilic ‘head’ of the lipid is resolved nicely at high resolution and interacts 

directly with water molecules of the intracellular cavity (Figure 6b). We suspect that the pore is 

accidentally blocked by the lipid molecule of the host crystallization matrix. In order to address 

the potential structural importance of the lipid molecule and the stability of the OLPVR1 in its 

absence, we performed molecular dynamics simulations of OLPVR1 without the lipid fragment. 

During the simulation protein did not show any significant side chain displacement in the nearest 

vicinity of the lipid binding region (Extended Data Figure 3d). In addition, we designed a variant 

of the OLPVR1 with nine mutations (I169L, Y172G, F173A, V177L, F179A, V202F, I206F, 

Y207V, I211F) that we denote as O1O2 protein, which intracellular parts of TM6 and TM7 

helices are supposed to mimic those of OLPVR2 from VR2 group (Yutin and Koonin, 2012) 

(Extended Data Figure 3c). We expressed, purified and crystallized O1O2 similarly to the wild 

type protein. O1O2 crystals diffracted up to 1.9Å and contained two protein molecules in the 

asymmetric unit, organized into the same dimer as demonstrated for the wild type OLPVR1 

(Extended Data Figure 9). Interestingly, although the pore in the intracellular part of the O1O2 is 

similar to that of OLPVR1, we observed no lipid fragments in the lipid-binding region (Extended 

Data Figure 3b). Thus, lipid molecule most likely does not play a role in structural stabilization 

of the protein, but rather employ loose configuration between TM6 and TM7 helices to stuck 

inside.  

Comparison of the structures of group 1 viral rhodopsins  

In order to underline similarities and discrepancies between two available structures of viral 

rhodopsins from group 1, we performed a detailed comparison of OLPVR1 (this study) and DTS 

rhodopsin of Phaeocystis globosa virus 12T (Needham et al., 2019) (PDB: 6J0O). The structures 

present nearly identical topology of the helices and superimpose with RMSD of 0.44 Å 

(Extended Data Figure 4). Similar to other viral rhodopsins from group 1, DTS rhodopsins 

conserve all residues that are predicted to be responsible for ion channeling activity. In 
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particular, we observed nearly identical orientations of side chains of S11, E44, E51, N197 and 

E205 residues in both structures suggesting a similar configuration of those residues among all 

group 1viral channelrhodopsins. Interestingly, the DTS rhodopsin contains a lipid molecular 

fragment between helices TM6 and TM7 similar to those in OLPVR1 structure, supporting the 

hypothesis on the conservation of the pore structure between TM6 and TM7 in viral rhodopsins. 

Taken together, our data suggest that the lipid molecule should not be considered a functional 

part of the protein and it is rather an artifact of crystallization. 
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Extended Data figures 

 

Extended Data Figure 1. Sequence alignment of representative viral rhodopsins. The sequence 

alignment was created using UGENE software and ESPript3 online server. Secondary structure elements 

for OLPVR1 are shown as coils. Fully conservative residues are indicated with blue color and red frames 

for charged and non-charged amino acids respectively. Highly conservative residues forming ion 

channeling constrictions are additionally colored orange. 
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Extended Data Figure 2. Sequence alignment of microbial opsin genes. The sequences with their 

Genbank IDs in parenthesis are OLPVR1 (ADX06642.1), VirChR1 (TARA-146-SRF-0.22-3-C376786_1,  

this study), Chrimson (AHH02126.1), CrChR2 (ABO64386.1), MerMAID_ChR1(Oppermann et al., 

2019), MerMAID_ChR2(Oppermann et al., 2019), GtACR1 (AKN63094.1), ZipACR (APZ76709.1), 

GtBCCR2 (ANC73518.1), GtBCCR4 (ARQ20888.1), HsBR (WP_010903069.1), HsHR (P15647.1), ClR 

(PDB ID: 5G28), KR2 (BAN14808.1), GPR (AAK30191.1), BPR_Med12 (PDB ID: 4JQ6). Residues 

included in 6-letter motif are colored red, fully conservative residues are indicated with red frames. Key 

amino acids involved in ion channeling are colored blue and purple for viral rhodopsin group unique 

positions and channelrhodopsin conservative positions respectively. 
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Extended Data Figure 3. Unusual OLPVR1-lipid interaction. (a) Lipid binding region (LBR) in 

OLPVR1 structure between TM6 and TM7 helices. The lipidic fragment is drawn as green sticks. (b) The 

magnified view of protein-lipid interaction region in OLPVR1 (left) and O1O2 (right). 2Fo – Fc map of 

the lipidic fragment between TM6 and TM7 helices is contoured at 1.5σ and shown as gray mesh. No 

lipidic fragment in the LBR in O1O2 structure was observed. (c) Sequence alignment of the TM6 and 

TM7 helices of OLPVR1, OLPVR2(Bratanov et al., 2019) and O1O2 mutant. Major mutations 
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implemented are colored purple. (d) Heat plot of side chain displacement (root mean square deviation, 

RMSD) of residues from TM6 and TM7 at 1 μs scale after lipidic fragment (97N 302 molecule) removal. 

 

Extended Data Figure 4. Extended comparison of OLPVR1 and DTS rhodopsin structures. (a) 

Crystal structures of OLPVR1 and DTS rhodopsins (PDB: 6JO0). (b) Extended overview of the lipid 

molecule fragment orientation between TM6 and TM7 helices in viral rhodopsin structures viewed 

parallel to membrane (left) and from the intracellular side (right). (c) Individual TM helices are shown 

after superimposition of the OLPVR1 and DTS rhodopsin. Important residues are additionally shown as 

sticks. 
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Extended Data Figure 5. Unrooted phylogenetic tree of known microbial rhodopsins. Viral 

rhodopsins (group I and II), heliorhodopsins (Pushkarev et al., 2018) and other microbial 

rhodopsins (type-I rhodopsins) groups are indicated with color. Analyzed base of microbial 

rhodopsins consists of proteins retrieved from TARA project and proteins predicted with 

InterPro software(Mitchell et al., 2019). Phylogenetic tree was created using UGENE and iTOL 

software (Letunic and Bork, 2016).  
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Extended Data Figure 6. Structure alignment of OLPVR1 with other rhodopsins. Side 

views and views from extracellular side of pair structure alignments of OLPVR1 with (a) Med12 

PR (PDB ID: 4JQ6), (b) GtACR1 (PDB: 6CSN), (c) Chrimson (PDB: 5ZIH) and (d) HsBR 

(PDB: 1C3W). Root mean square deviations (RMSD) of the alignments are additionally 

indicated.  
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Extended Data Figure 7. Crystal packing of OLPVR1 protein. (a) Magnified images of the 

OLPVR1 and O1O2 crystals used for structure determination. (b) Lattice packing of the crystals, 

viewed in two principal orientations. Asymmetric unit protein content is colored cyan for each 

structure. 
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Extended Data Figure 8. Examples of electron density map of OLPVR1 structure. 2Fo – Fc 

maps (gray mesh, contoured at 1.5σ) for the (a) retinal pocket, (b) intracellular gate, (c) 

extracellular gate and (d) central gate. The water molecules and retinal cofactor in 2 

conformations are clearly resolved in the structure. 1.4Å resolution dataset was collected with 

the single crystals. 
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Extended Data Figure 9. Putative dimer organization of OLPVR1. (a) Side view and view from 

extracellular side of the OLPVR1 putative dimer, observed for P21212 structure. (b) Putative dimerization 

interface of OLPVR1. Distances between residues involved in dimer formation are drawn with dashed 

lines. Residues involved into dimer formation are named in one of the protomers. 
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Extended Data Figure 10. Retinal pocket and DC pair region architecture. (a) Retinal pockets, (b) 

DC pair regions and (c) Schiff base regions of OLPVR1 (left), CrChR2 (middle) and HsBR (right) are 

shown in cyan, yellow and purple colors respectively. All-trans retinal cofactor is depicted orange. 

Important residues are numbered and depicted as sticks. Salt bridge interactions are shown with dashed 

lines. Distances between DC-pair partnering residues are indicated in angstroms.  
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Extended Data Figure 11. Proposed ion-conducting pathway of OLPVR1. Three consecutive 

constriction sites and proposed cation pathway of (a) OLPVR1 and (b) CrChR2 proteins. The proposed 

ion pathway is shown only in one direction for clarity. Important residues and depicted as sticks. All-

trans retinal is depicted with orange color. NT and DC pairs are additionally indicated. 
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Extended Data Figure 12. Organization of ion pathway constriction sites (gates) in other microbial 

rhodopsins. Magnified view of the (a) intracellular constriction site (gate), (b) central constriction site 

(gate) and (c) extracellular constriction site (gate) regions in C1C2 (left, PDB code: 3UG9), Chrimson 

(middle, PDB code: 5ZIH) and HsBR (right, PDB code: 1C3W) structures, colored indigo, orange and 

magenta respectively. Water accessible cavities were calculated using HOLLOW and are presented as 

pink surfaces(Ho and Gruswitz, 2008). 
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Extended Data Table 1. Crystallographic data collection and refinement statistics. 

Data collection OLPVR1_P1 OLPVR1_P21212 O1O2 

Space group P 1 P 21 21 2 I 1 2 1 

Cell dimensions    

a, b, c (Å) 40.18, 56.97, 62.34 46.53, 115.80, 53.53 44.40, 103.40, 111.38 

α, β, γ (º) 113.90, 90.01, 91.49 90, 90, 90 90, 90.32, 90 

Wavelength (Å) 0.976 0.976 0.978 

Resolution (Å) 40.16-1.6 (1.63-1.60) 48.59-1.4 (1.42-1.40) 41.33-1.96 (2.00-1.96) 

Rmerge (%) 5.8 (116.1) 7.2 (181.0) 5.1 (119.1) 

I/σI 6.1 (0.7) 12.3 (1.0) 12.2 (0.9) 

CC1/2 (%) 99.8 (53.3) 99.8 (45.3) 99.9 (50.8) 

Completeness (%) 95.2 (94.2) 100.0 (99.9) 99.5 (95.4) 

Unique reflections 63,486 (3098) 57,845 (2820) 36,098 (2448) 

Multiplicity 3.5 (3.6) 6.3 (6.3) 3.5 (3.4) 

Refinement    

Resolution (Å) 20-1.60 20-1.40 20-1.96 

No. reflections 60,315 54,864 34,293 

Rwork/ Rfree (%) 18.8/21.3 14.2/18.6 20.2/24.6 

No. atoms    

Protein 3915 2012 3776 

Retinal 40 40 40 

Water 98 107 52 

Lipids 289 220 32 

B-factors (Å²)    

Protein 31 24 45 

Retinal 23 17 35 

Water 36 37 42 

Lipids 54 46 58 

R.m.s. deviations    

Bond lengths (Å) 0.0030 0.0041 0.0021 

Bond angles (º) 1.0662 0.8917 1.0525 
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